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Green ¯uorescent protein (hGFP-S65T) was expressed in transgenic mice under the control of the astrocyte-speci®c glial ®brillary
acidic protein (GFAP) promoter. Tissues from two independent transgenic lines were characterized by Northern blot analysis
and by confocal microscopy. The expression pattern in these two lines was identical in all tissues examined, and similar to
that found previously with a lacZ transgene driven by the same promoter. Bright ¯uorescence was observed in the cell bodies
and processes of un®xed or ®xed astrocytes, using both whole mount and brain slice preparations, from multiple areas of the
central nervous system. However, in contrast to GFAP±lacZ transgenics, retinal MuÈ ller cells expressed the GFP transgene in
response to degeneration of neighboring photoreceptors. These data indicate that the 2.2-kb hGFAP promoter contains suf®cient
regulatory elements to direct expression in MuÈller cells, and that GFP is a suitable reporter gene for use in living preparations
of the mammalian nervous system. Such mice should prove useful for studies of dynamic changes in astrocyte morphology
during development, and in response to physiological and pathological conditions. q 1997 Academic Press
INTRODUCTION glial ®brillary acidic protein gene (GFAP) that were capable
of directing astrocyte-speci®c expression of the bacterial
lacZ reporter gene in vivo. However, standard techniques
The green ¯uorescent protein (GFP), a single peptide of for detecting lacZ expression generally involve ®xation,
238 amino acids derived from the jelly®sh Aequorea victo- while ¯uorescent substrates for use in live cells are cumber-
ria, absorbs blue light and emits green light without the some and expensive (Nolan et al., 1988; Zhang et al., 1991).
need for any cofactor or substrate. After the formation of In a search for simpler and noninvasive methods for identi-
its ¯uorophore by endogenous posttranslational cycliza- fying astrocytes in situ, we have generated transgenic mice
tion, GFP is quite stable and remains ¯uorescent even after expressing a mutant form of GFP under the control of the
the harsh treatments found in many biochemical assays, human GFAP promoter (Brenner et al., 1994). The utility
such as 1% sodium dodecyl sulphate (SDS), 4% formalde- of wild-type GFP in transgenic mice, described in a previous
hyde, and incubation at 657C (Cubitt et al., 1995). Since the report, was limited by a relatively weak signal and diffusion
®rst report of its use in Escherichia coli and Caenorhabditis of the GFP to neighboring cells (Ikawa et al., 1995). Here
elegans by Chal®e and colleagues (1994), GFP has found we show that the transgene product hGFP-S65T effectively
many applications as a reporter gene in a number of higher labels target cells in vivo, is a more reliable reporter for
organisms including Drosophila (Wang and Hazelrigg, 1994) certain subsets of astrocytes than is lacZ, and will now
and zebra®sh (Amsterdam et al., 1995; Peters et al., 1995). allow studies of dynamic changes in gene expression and
The versatility of the GFP is enhanced by its ability to morphology in living glia.
remain ¯uorescent as a fusion protein allowing studies of
the subcellular distribution and dynamics of various pro- MATERIALS AND METHODS
teins, including NMDA receptors (Marshall et al., 1995;
Transgene Construction and Transgenic MouseNiswender et al., 1995; Aoki et al., 1996).
ProductionWe have been studying glial development and physiology
using transgenic mice. Previously we identi®ed regulatory The plasmid Gfa2-lac2 containing the human GFAP promoter
and mouse protamine 1 intron and polyadenylation signal on theelements within a 2.2-kb 5* ¯anking region of the human
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hyde, blotted on the UV Duron membrane (Stratagene), and immo-
bilized by using the UV Stratalinker 1800 (Stratagene). A 750-pb
GFP-S65T cDNA fragment, labeled with [a-32P]dCTP (Amersham)
by random priming (Boehringer Mannheim), was used to probe the
RNA blot in ``Rapid-hyb'' hybridization buffer (Amersham) with
approximately 106 cpm/ml at 657C for 2 hr. The blot was washed
in 0.11 SSC and 0.1% SDS at 657C for 2 hr, and then exposed to
X-ray ®lm with an intensifying screen at 0707C for 2 days.
Tissue Preparation and Laser Confocal Microscopy
Hemizygous transgenic mice, ranging in age from 5 weeks to 4.5
months, were used for confocal analyses. Nontransgenic littermates
(age- and sex-matched) were used as negative controls. Tissues sub-
jected to examination included the brain (cerebellum, hippocampus,
cerebral cortex, hypothalamus), optic nerve, retina, sciatic nerve, va-
gus nerve, diaphragm, heart, kidney, liver, lung, and pancreas. Vibra-
tome slices of 300 mm thickness, or whole mounts of intact nerves
or retina, were mounted in a perfusion chamber supplied with Ringer's
FIG. 1. (A) GFAP±hGFP±S65T transgene. The 2.2-kb human physiological solution at room temperature for live observation. Tis-
GFAP promoter (thick line) was used to express the hGFP±S65T sue samples were analyzed using either an Odyssey confocal laser
cDNA (black box) in astrocytes. The two gray boxes and a thin line scanning microscope system (Noran Instruments) or an MRC-1024
between them depict the untranslated exons and an intron from (Bio-Rad). For GFP imaging, ®lters were employed to provide excita-
the mouse protamine gene-1 (MP-1), which contain signals for tion at 488 nm, detecting emission at wavelengths greater than 515
proper RNA splicing and polyadenylation. (B) Northern blot. The nm. A 41 (Olympus, NA  0.1) or 401 (Olympus, NA  0.7) water-
transgene expressed high levels of a 1.3-kb transcript in the Tg94.4 immersion objective was used to view intact nerves or tissue slices,
and Tg94.7 lines, but low levels in the Tg94.8 line. No transgene respectively. Each image was formed by averaging 16±256 frames
expression was detected in the Tg94.5 line and in nontransgenic using MetaMorph software (Universal Imaging). The GFP could also
(Non-tg) mice. be viewed using an ordinary epi¯uorescence microscope equipped
with a ®lter set for ¯uorescein.
GFAP/GFP Double Imaging in Vibratome Sections3* end was kindly provided by Dr. M. Brenner of the NIH. The
plasmid phGFP-S65T containing the mutated, humanized GFP Transgenic and nontransgenic mice were perfused with 4% para-
cDNA was purchased from the Clontech Laboratories. The formaldehyde in PBS (pH 7.4), and then the brains were removed
transgene was constructed by excising the lacZ coding region from and post®xed in the same ®xative for an additional 4 hr at 47C.
the pGfa2-lac2 plasmid by BamHI digestion, and replacing it by Vibratome sections (40 mm in thickness) of brain regions were cut
blunt end ligation with a 0.75-kb HindIII±XbaI fragment con- in cold PBS, and incubated for 4±12 hr at 47C in PBS containing
taining the entire GFP coding region from phGFP-S65T (Fig. 1A). 0.1% (v/v) Triton X-100 and 10% nonimmune goat serum. Sections
The fragment for microinjection was excised BglII separated by were then washed 5 1 15 min in PBS and incubated for 24 hr at
agarose gel electrophoresis, and puri®ed by glass beads (Bio 101). 47C with a rabbit anti-bovine GFAP polyclonal antibody (Dako)
Transgenic mice were generated by pronuclear microinjection at 1:500 dilution in PBS containing 0.01% Triton X-100 and 1%
using fertilized eggs of the FVB/N strain (Taconic). Founder mice nonimmune goat serum. The sections were again washed with 5
were identi®ed by PCR analysis of DNA prepared from tail biopsies 1 15 min in PBS and then incubated 4±8 hr at room temperature
collected at weaning, using as the 5* primer GFAP-LZ1 (ACT CCT with rhodamine-conjugated goat anti-rabbit IgG antiserum (Sigma)
TCA TAA AGC CCT CG) and the 3* primer GFP-2 (AAG TCG at 1:80 dilution in PBS containing 0.01% Triton X-100 and 1%
ATG CCC TTC AGC TC), which are complementary to the GFAP nonimmune goat serum. The sections were then rinsed in four
and the GFP-S65T sequences, respectively. The PCR reaction was changes of PBS, and transferred to slides and coverslipped in 50%
carried out in a volume of 50 ml containing 0.1 mg genomic DNA glycerol in PBS. GFAP immuno¯uorescence and GFP ¯uorescence
in 11 reaction buffer supplemented with 0.1 mM dNTPs, 1.5 mM were visualized in the same sections, using standard rhodamine
MgCl2, 600 nM of each primer, and 1.25 units of DNA Taq polymer- and ¯uorescein ®lters, respectively, with ordinary wide-®eld epi-
ase. Each of the 35 PCR cycles consisted of denaturation at 957C ¯uorescence and with confocal laser scanning microscopy.
for 1 min, annealing at 607C for 2 min, extension at 727C for 1
min, and with a ®nal extension for 5 min. The expected size of the
PCR product is 498 base pairs.
RESULTS
Generation of Transgenic MiceNorthern Blot
In pilot experiments, transgenic mice were generated car-Total RNA was isolated from whole brain of 3-month-old
rying the wild-type GFP under the control of the hGFAPtransgenic and nontransgenic mice according to the method of
promoter. Confocal imaging of brain slices from expressingChomczynski and Sacchi (1987). Approximately 20 mg of total RNA
per lane was separated on a 1% agarose gel containing formalde- lines of mice revealed only weakly ¯uorescent cells, and
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FIG. 2. GFP expression in the optic nerve. (A) Bright-®eld view of optic nerves from 6-week-old nontransgenic (left) and Tg94.7 mouse
(right). (B) The same ®eld as in A illuminated with a 488-nm laser. The transgenic optic nerve (right) emitted intense green ¯uorescence,
whereas the nontransgenic optic nerve (left) produced no signal at all. The faint signal seen in areas outside the nerves was auto¯uorescence
resulting from the petri dish. (C) Transgenic optic nerve shown in B visualized at higher magni®cation using a 401 water-immersion lens.
Cells with brightly ¯uorescent cell bodies and numerous processes were present, with the typical morphology of astrocytes.
these lines of mice were not further analyzed. We subse- auto¯uorescence would present a formidable obstacle to
using GFP. Fortunately, we found that our particular tissuesquently tried a variant of GFP with codons altered to be
more optimal for expression in mammalian cells (``human- of interest (CNS and PNS) had lower auto¯uorescence com-
pared with nonneural tissues, in the following order: CNSized,'' or hGFP), and an S65T mutation that changes the
excitation spectrum and increases ¯uorescence intensity (whole brain slice)  PNS (vagus and sciatic nerves)  lung
 pancreas diaphragm  kidney heart  liver. In addi-(Heim et al., 1995). Using the hGFP-S65T mutant, nine
transgenic founder mice were obtained, and all successfully tion, auto¯uorescence was higher in dead or ®xed tissues.
Based on these observations, we used tissues from non-transmitted the transgene to their offspring to establish
breeding lines. Expression of the transgene was initially transgenic littermates as a reference to set an appropriate
baseline for confocal imaging, and at the same time tookevaluated at the mRNA level by Northern blot analysis of
brains collected from offspring in each line (Fig. 1B). Three precautions to keep tissues alive during the imaging process
to minimize auto¯uorescence.lines displayed a 1.3-kb transcript in brain, and the two
strongest expressing lines (Tg94.4 and Tg94.7) were ex-
panded for further analysis. The transgenic mice in both
GFP Expression in the Optic Nervelines developed normally into adulthood and were fertile,
indicating no deleterious effects of transgene expression. As The optic nerve is one of the simplest parts of the CNS,
described in sections below, these two lines had the same containing primarily cell bodies of astrocytes and oligoden-
expression pattern in all the tissues examined. drocytes, and axons of retinal ganglion cells. We ®rst at-
tempted to visualize GFP ¯uorescence at low magni®ca-
tion. Using a simple light transmission mode, whole-Tissue Auto¯uorescence and Confocal Settings
mounted optic nerves from two littermates (one transgenic
and the other nontransgenic) appeared as dark trunks (Fig.We surveyed eight live tissues, under identical imaging
conditions, from an adult FVB mouse (300-mm-thick vibra- 2A). However, when the same ®eld was illuminated with
laser, the transgenic nerve emitted strong diffuse ¯uores-tome sections) for auto¯uorescence overlapping the GFP
emission band. Auto¯uorescence was found in every mouse cence, whereas the nontransgenic nerve showed no signal
(Fig. 2B). At higher magni®cation (using a 401 water-im-tissue examined, transgenic and nontransgenic alike. Strong
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FIG. 3. GFP/GFAP double labeling of brain vibratome sections. (A) A cerebellar section of a 2-month-old transgenic female (Tg94.4 line)
was viewed with laser excitation for GFP expression. (B) The same section as in A was stained with a GFAP antibody and detected via a
rhodamine-conjugated secondary antibody. Arrows in A and B indicate examples of individual Bergmann glial processes that are identi®able
in both sections. Note that the GFP ef®ciently marked both the Bergmann glial cell bodies and processes, whereas the GFAP immuno¯uo-
rescence primarily labeled the processes. Some GFAP-immunoreactive cells (in the granule cell layer, bottom right of ®eld) were not
labeled by GFP.
mersion objective), individual cells could be visualized with ples of dual-labeled radial ®bers are indicated by arrows
in both photographs), although not all astrocytes expressedthe typical morphology of astrocytes (Fig. 2C).
detectable levels of GFP (for instance, in the granule cell
layer). The GFP signal was very prominent in the Bergmann
GFP Expression in the Brain glial cell bodies, where GFAP labeling is typically low (Lud-
win et al., 1976). The large cell bodies of the Purkinje cellsAnother site in the central nervous system where
displayed no visible ¯uorescence, appearing as dark holesastrocyte morphology is so distinctive as to be unambiguous
next to the Bergmann glia. GFP-expressing astrocytes wereis in the cerebellar cortex, where Bergmann glia have their
observed throughout the CNS, including hippocampus, hy-cell bodies adjacent to large Purkinje cell neurons and send
pothalamus, and cerebral cortex. Neurons in all of theseradial processes out to the pial surface. In vibratome sec-
sites were unlabeled.tions of transgenic cerebellum, the Bergmann glia were
strongly ¯uorescent (Fig. 3A). To verify that GFP-expressing
cells were indeed astrocytes, we performed immuno¯uo- GFP Expression in the Retina
rescent staining of the same sections for GFAP, the
astrocyte-speci®c intermediate ®lament whose promoter The retina contains two major glial cell types, the astro-
cytes located in the ganglion cell layer (GCL) near the reti-was used to direct expression of the GFP. Since GFP emits
with spectra resembling FITC, we used a rhodamine-conju- nal surface and the MuÈ ller cells with cell bodies in the
inner nuclear layer (INL) and processes extending radicallygated secondary antibody to detect the GFAP (Fig. 3B). All
of the GFP-labeled cells were also labeled for GFAP (exam- through the other retinal layers. Like their counterparts
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elsewhere in the CNS, astrocytes in the retinal ganglion
cell layer express GFAP. However, MuÈ ller cells only express
GFAP when reactive, as a response to various forms of reti-
nal disease (Sarthy and Fu, 1989; Erickson et al., 1992). We
initially examined expression of the GFP transgene in nor-
mal retinae with nonreactive MuÈ ller cells by crossing the
parent GFP transgenics (which were on the inbred FVB/N
background that is homozygous for the rd mutation) with
C57Bl/6J mice which are /// at the rd locus. F1 offspring
from such crosses are therefore heterozygous for rd and have
intact photoreceptors.
A series of confocal images were taken vertically from
a retinal whole mount ¯attened with agar in a perfusion
chamber. At the surface, the large, brightly ¯uorescent as-
trocytes of the ganglion cell layer extended processes later-
ally that made extensive contacts with blood vessels (Fig.
4A). There was no evident ¯uorescence in the endfeet of
MuÈ ller cells or in any other cell types. Images from the
deeper inner nuclear cell layer also con®rmed the absence
of transgene expression in the MuÈ ller cells. As negative
controls, no ¯uorescent signal was detected in non-
transgenic retina (data not shown).
We next evaluated GFP transgene expression in the retina
of mice on the inbred FVB/N background. As a consequence
of the photoreceptor degeneration caused by the rd muta-
tion, MuÈ ller cells in adult FVB/N mice are spontaneously
reactive and express GFAP. A similar series of confocal im-
ages were taken from whole-mounted retina as described
above. Once again, astrocytes of the ganglion cell layer were
clearly seen contacting blood vessels (Fig. 4B). In addition,
however, interspersed between astrocytes of the ganglion
cell layer were numerous small foci of ¯uorescence (Fig.
4B). A transverse section through another transgenic retina
(pure FVB/N background) revealed the presence of brightly
¯uorescent cell bodies in the inner nuclear layer with radial
processes extending up to the vitreal surface, the hallmark
features of MuÈ ller cells (Fig. 4C). The GFP transgene is thus
appropriately regulated in retinal MuÈ ller cells.
DISCUSSION
We have found that the humanized S65T mutant form of
GFP, when expressed in transgenic mice under the control
FIG. 4. GFP expression in the retina. (A) Retinal whole-mount
preparation from a 6-week-old transgenic female (Tg94.7 line) on
the hybrid B61 FVB/N background, visualized for GFP in the plane
of the ganglion cell layer. Astrocyte cell bodies were brightly ¯uo-
rescent, as were processes extending to form end-feet on nearby
blood vessels (arrow). (B) Retinal whole-mount preparation from a
6-week old transgenic female (Tg94.7 line) on the inbred FVB/N
background, visualized for GFP in the plane of the ganglion cell
layer. Processes of reactive MuÈ ller cells are seen on end (arrow)
interspersed between the cell bodies of astrocytes. (C) Transverse
section of retina from a 4.5-month-old transgenic male (Tg94.7) on
the FBV/N background, visualized for GFP. The ganglion cell layer
is at the upper right. Fluorescent cell bodies of MuÈ ller cells are
present in the inner nuclear layer and extend radial processes up
to the ganglion cell layer where labeled astrocytes are also located.
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of the human GFAP promoter, ef®ciently labels astrocytes astrocyte morphology have been described under different
conditions, ranging from coarse changes observable at thethroughout the central nervous system. The intensity of the
¯uorescent signal, and the simplicity of the assay system light microscopic level as in (Garcia-Segura et al., 1994;
Bobak and Salm, 1996), to much ®ner changes at the ultra-(observation with standard ¯uorescein ¯uorescence optics),
will make GFP the reporter gene of choice for many experi- structural level around synapses after long-term potentia-
tion (LTP) (Wenzel et al., 1991). GFP-labeled astrocytes willmental purposes. The initial characterization of the human
GFAP promoter in mice utilized the bacterial lacZ gene as permit study of these alterations in real time, on individual
identi®ed cells subjected to various physiological stimuli.a reporter, with very similar results to those reported here
(Brenner et al., 1994). Expression of the lacZ transgene was In LTP, dynamic changes in length and orientation of neu-
ronal dendritic spines have also been described (Hosokawadevelopmentally regulated and increased following trau-
matic injuries to the brain that involve gliosis and upregula- et al., 1995). Given the appropriate combination of glial and
neuronal promoters, and the recent development of ¯uo-tion of the GFAP promoter. With minor variations, these
®ndings were consistent with both the human and murine rescent proteins with novel spectral properties (Zernicka-
Goetz et al., 1996; Muldoon et al., 1997) allowing tripleGFAP promoters (for review, see Brenner and Messing,
1996). However, one cell type that was known to express labeling and ¯uorescence resonance energy transfer, it
should now be possible to study the changing relationshipsGFAP under certain conditions was the retinal MuÈ ller cell,
and yet none of the lacZ transgenics described have dis- between different cell types during both normal and patho-
logical conditions.played expression of the reporter genes in this cell type
(Brenner et al., 1994; Verderber et al., 1995), leading to the
suggestion that MuÈ ller cells may require regulatory ele-
ments for appropriate expression beyond those contained in ACKNOWLEDGMENTS
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